Surface degradation of Ni-enriched layered cathode material Li[Ni 0.6 Mn 0.2 Co 0.2 ]O 2 (NMC622) is the main reason that leads to large capacity decay during long-term cycling. In the frame of this research, an amorphous SiO 2 coating was applied onto the surface of the commercially available NMC622 powder by a wet coating process, through the condensation reaction of tetraethyl orthosilicate. The chemical composition of the coating layer was analyzed by inductively-coupled plasma. The morphology was studied by scanning electron microscopy and transmission electron microscopy. Electrochemical properties, including cyclic voltammetry, galvanostatic cycling, and rate capability measurements in a half-cell configuration, were tested to compare the electrochemical behavior of the non-coated and coated NMC622 materials. It is shown that the rate performance of the NMC622 materials is not affected by the coating layer. After 700 cycles in the range of 3.0-4.3 V at 2 C discharge, the cells with SiO 2 -coated NMC622 materials retained 80% of their initial capacity, which is higher than the uncoated ones (74%). Physicochemical characterizations, e.g., XRD and SEM, were performed post-mortem to reveal the stabilizing mechanism of the SiO 2 -coated NMC622 electrodes after long-term cycling. Based on these results, this is due to the shielding effect of the coating between the NMC622 particle surface and the liquid electrolyte, along with its scavenging effect on HF. SiO 2 coating is therefore a facile surface modification method that results in potentially significant enhancement of the cyclic stability of Ni-rich NMC materials.
Introduction
Electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs) have developed rapidly in recent years. The problems which people are most concerned with are driving distance, battery life, and safety, namely reliability of battery. Cathodes and anodes, as the most important parts of a battery, are two of the research focuses. Compared to anode materials, cathode materials have relatively lower specific capacity and twice as high a price [1] . Therefore, the key to increasing energy storage efficiency is to improve cathode materials with high specific capacity [2] . Layered cathode materials Li[Ni x Mn y Co z ]O 2 (NMCs; x + y + z = 1) are successfully commercialized cathode materials [3] . Ni-rich NMC materials can provide higher energy density [3] , but the application of Ni-rich NMCs is limited by their large capacity decay after long-term cycling [4] . One of the most important reasons is surface degradation from electrolyte attack [5] . At a highly delithiated state, the active Ni 4+ ions are unstable and have a tendency to form NiO-like rock-salt phase on the material surface. The formed 2 of 11 NiO contributes to the formation of solid electrolyte interface (SEI), which increases the ion transfer resistance due to its more compact structure [6] . Moreover, dissolution of transition metal (TM) ions by HF attack can lead to more complex parasitic reactions, e.g., TM deposition on the anode surface or resistive metal fluorides on the cathode side [5] .
To overcome these drawbacks, much effort has been focused on surface modification of Ni-rich cathode materials. Various kinds of metal oxides like Al 2 O 3 [7, 8] , phosphate compounds like Mn 3 (PO 4 ) 2 [9] , polymer [10] , etc., are applied as coating materials on cathode material surfaces. In this study, SiO 2 was chosen as a coating material because of its physical-chemical stability and scavenging effect on HF [11] . Additionally, SiO 2 is also a low-cost material that can be easily synthesized. Li et al. reported SiO 2 coating on LiFePO 4 (LFP); the coated LFP had better rate capability and higher capacity retention [12] . Zhang et al. reported application of SiO 2 coating on Li 3 V 2 (PO 4 ) 3 /C; the material had improved electrochemical performance [13] . In the frame of this work, SiO 2 -modified commercially available NMC622 materials were prepared through the same wet coating process, and their physicochemical properties and electrochemical performance were characterized and investigated.
Experiment

Material Preparation
All the tests in this work were based on commercially available cathode material from BASF, HED™ NMC622. The SiO 2 coating was formed by condensation reaction of tetraethyl orthosilicate (TEOS, 99.9%, Sigma Aldrich, St. Louis, MO, USA). The NMC622 powder was dispersed in the ethanol solution with a volume ratio of 20 µL TEOS/mL ethanol. The weight ratio of TEOS to NMC622 was 2%. After 3 h magnetic stirring and 1 h ultrasonic treatment at room temperature, the NMC622 suspension was dried at 70 ± 5 • C. The dried powder was calcined at 500 • C in air for 1 h, then SiO 2 -coated NMC622 powder was obtained.
Microstructure Characterization
The concentrations of main elements, Li, Ni, Mn, Co, and Si, in coated and pristine NMC622 were determined by inductively coupled plasma optical emission spectrometry (ICP-OES), the oxygen content was analyzed by carrier gas hot extraction (HE), and the carbon content was identified by carbon/sulfur analyzer. The phase of samples was identified by X-ray diffraction (XRD) on X'pert PRO (PANalytical) with a Cu Kα radiation (λ = 1.54060 Å). The XRD patterns were collected in the 2θ range of 3-120 • with a step size of 0.0334225 • , 400.05 s time per step, and a scan speed of 0.01061 • /s. The β irradiation was eliminated by Ni-filter. The lattice constants were calculated by using HighScore software. The specimen displacement, multiple peak shape, and unit cell parameters were refined through Rietveld refinement. For phase ID determination, single peaks profile and non-phase peak fitting were used. For background determination, polynomial was used applied. The standard deviation was obtained by counting statistics, and the error of a refined value was calculated from the determinant of the inverse matrix M. (For values derived from refined parameters, the full covariance was taken into account.) The morphology of SiO 2 -coated and uncoated NMC622 powders was investigated on a scanning electron microscope (SEM, Supra 40, Carl Zeiss AG, Germany). Local elemental distribution was analyzed by an energy dispersive X-ray spectroscopy (EDX, EDAX Inc., Mahwah, NJ, USA). The coating layer and its morphology were investigated by transmission electron microscopy (TEM, TECNAI F20, FEI Company, Hillsboro, OR, USA).
Electrochemical Measurement
After drying at 120 • C for 2 h, active material (AM, pristine and SiO 2 -coated NMC622 powders) and carbon black (CB) were premixed manually in an agate mortar, then a part of 7 wt.% polyvinylidene fluoride (PVDF, SOLEF 5130/1001) N-Methyl pyrrolidone (NMP) solution was dropped in it and kneaded. After the mixture became a dough-form, it was transferred to a glass beaker, and the rest Appl. Sci. 2019, 9, 3671 3 of 11 PVDF-NMP solution was added. The mass ratio of NMC622, CB, and PVDF was 90:5:5, and the solid content of the slurry was 55 wt.%. The slurry was stirred magnetically for 12 h. This final slurry was coated on a 15-µm-thick aluminum current collector through doctor blade with a gap thickness of 90 µm and dried at 60 • C in the air for 30 min. Subsequently, the dried cathode film was transferred into a vacuum oven at 120 • C for 2 h to remove the NMP solvent completely. The electrode was calendared at 100 • C and its thickness was reduced by 10%. Through calculation [14] , the film porosity decreased from uncalendared 55% ± 2% down to 48% ± 2%.
The calendared electrodes (90 mm * 200 mm) of the pristine and the SiO 2 -coated NMC622 was punched into 40 pieces of 15.0 mm diameter circular electrodes. All the electrodes applied in this work had similar parameters, the areal capacity loading of AM was 1.1 ± 0.1 mAh/cm 2 , based on a material loading of 7.0 ± 0.5 mg/cm 2 and a specific AM capacity of 160 mAh/g. CR2016 button cells were assembled in an argon-filled glove box from MBRAUN, whose water and oxygen content were both <0.1 ppm.
NMC622 electrode as the cathode, microporous polypropylene membrane (Celgard 2500) as the separator, and Li metal as the anode, together with one spacer and spring, were placed into the CR2016 button cells, where the electrolyte was 1 M LiPF 6 dissolved in ethylene carbonate (EC):ethyl methyl carbonate (EMC) = 3:7 in weight, and 2% vinylene carbonate (VC) as additive (SoulBrain).
The charge-discharge and rate capability measurements (with discharge rate of 0.1 C, 0.2 C, 0.5 C, 1 C and 2 C) were carried out on Maccor series 4000 battery tester in CCCV mode (constant current constant voltage, with a cutoff current of 10% charge current), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) were performed on BioLogic VSP electrochemical workstation. After a long-term cycling, the cells were disassembled in the glove box, electrodes were washed with EMC, and studied with XRD and SEM.
Results and Discussion
Material Characterization
The elemental analysis results are presented in Table 1 . The main element contents in the SiO 2 -coated NMC622 powder remained unchanged after calcination at 500 • C. Si concentration was very close to theoretical calculation results, 0.270 wt.%, and C content did not increase-which means the expected reaction, the transformation from TEOS to SiO 2 , was completed. The XRD patterns of the pristine and coated NMC622 materials in a range of 10-80 • are presented in Figure 1 . All the main reflexes are indexed and coincide well to the R3 m space group. Both diagrams display a single phase with α-NaFeO 2 structure. The reflexes of (006)/(102) and (108)/(110) split obviously, indicating that both samples are highly crystallized with layered structure. The lattice parameters, obtained through Rietveld refinement with fitting range between 3-120 • , are shown in Table 2 . The r 1 factor, defined by (I 006 + I 102 )/I 101 , is an indicator of the hexagonal ordering; r 1 < 0.6 shows a well-defined hexagonal ordering [15] . The I 003 /I 104 factor indicates the cation mixing in the lattice of NMC622 material; I 003 /I 104 > 1.2 is an index of no obvious cation mixing [16] . The lattice parameters were calculated by fitting the measured curves, and the lower R factors (R wp , R p ) and χ 2 confirm the refinement results are reliable. The lattice parameters of the coated material did not change significantly compared to that of the pristine ones. Additionally, no reflexes from SiO 2 were detected because of the low amount of SiO 2 coating and amorphous structure [12] . All the analysis results of XRD imply that the layered structure of NMC622 powder did not change after SiO 2 coating.
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Electrochemical Measurement
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 11 allowed the pass of Li-ions because of its lower dense network structure, which did not significantly affect the ionic conductivity. The cycling performance of the pristine and SiO2-coated NMC622 electrodes is shown in Figure  6 . Long-term cycling measurements were set in the voltage range of 3.0-4.3 V with 0.05 C (1 C = 160 mA/g) for formation. After five cycles at 0.05 C, a long-term cycling test was performed under 0.5 C for CCCV-charging (CV till 0.05 C) and 2.0 C for CC-discharging. As expected, both types of materials were able to be cycled for a long term. An obviously improved capacity retention of above 80% after 700 cycles was observed for SiO2-coated NMC622 material, compared to pristine NMC622 which was only 74%. For the pristine NMC622 material, its capacity decreased sharply within the first 200 cycles, which implies that the most material degradation happens there. However, for the SiO2-coated NMC622 material, the decreasing rate of capacity retention was constant. Figure 6b , c illustrates charge-discharge curves of the initial, 1st, 100th, 300th, and 700th cycle. Both samples show similar voltage profiles without any additional plateaus. After the first 100 cycles, the discharge potential plateau of the coated one did not decrease obviously, while the pristine one had an obvious decrease of approximately 0.3 V (the decreasing is shown by blue arrows). Furthermore, the CV (constant voltage) part percentage of the pristine NMC622 material increased from 1.3 to 12.4% after 700 cycles, while that of NMC622 with SiO2 coating from 1.1 to 6.8%. This implies that the pristine NMC622 has higher polarization than the coated one. SiO2 can react with HF in the electrolyte, namely preventing a series of HF-involved side-reactions, which leads to dissolution of TM [6] . Therefore, it is assumed that SiO2 coating can effectively prevent NMC622 material surface degradation.
After 700 cycles, the EIS measurement was done, which was tested after discharging (the open circuit voltage was approximately 3.7 V) in a frequency range of 500 kHz-100 mHz. The Nyquist plots of both pristine and SiO2-coated NMC622 cells after 700 cycles are shown in Figure 7 , and the EIS at initial cycle is shown in Figure S2 as reference. The patterns of both samples are similar and consist of two semicircles. The semicircle at the high-to-medium frequency domain describes the resistance of the cathode surface film (Rsf) and the corresponding constant phase element (Csf), while the semicircle at the low frequency range reflects the charge transfer resistance of electrochemical reactions (Rct) and the corresponding constant phase element (Cct). Rs stands for the resistance of circuit elements (electrolyte, current collectors, electrode leads, etc.), and L for the inductance of the current collector and cable in the circuit. Warburg impedance (W) describes semi-infinite linear diffusion [17] . The equivalent circuit in Figure 7b was used to fit the EIS data, and the results are shown in Table 3 , where χ 2 is the deviation indicator. Because the SiO2 coating layer is electrically isolating, a slightly higher Rsf in the SiO2-coated NMC622 is seen. It is obvious that the second semicircle, charge transfer resistance, contributes the The cycling performance of the pristine and SiO 2 -coated NMC622 electrodes is shown in Figure 6 . Long-term cycling measurements were set in the voltage range of 3.0-4.3 V with 0.05 C (1 C = 160 mA/g) for formation. After five cycles at 0.05 C, a long-term cycling test was performed under 0.5 C for CCCV-charging (CV till 0.05 C) and 2.0 C for CC-discharging. As expected, both types of materials were able to be cycled for a long term. An obviously improved capacity retention of above 80% after 700 cycles was observed for SiO 2 -coated NMC622 material, compared to pristine NMC622 which was only 74%. For the pristine NMC622 material, its capacity decreased sharply within the first 200 cycles, which implies that the most material degradation happens there. However, for the SiO 2 -coated NMC622 material, the decreasing rate of capacity retention was constant. Figure 6b ,c illustrates charge-discharge curves of the initial, 1st, 100th, 300th, and 700th cycle. Both samples show similar voltage profiles without any additional plateaus. After the first 100 cycles, the discharge potential plateau of the coated one did not decrease obviously, while the pristine one had an obvious decrease of approximately 0.3 V (the decreasing is shown by blue arrows). Furthermore, the CV (constant voltage) part percentage of the pristine NMC622 material increased from 1.3 to 12.4% after 700 cycles, while that of NMC622 with SiO 2 coating from 1.1 to 6.8%. This implies that the pristine NMC622 has higher polarization than the coated one. SiO 2 can react with HF in the electrolyte, namely preventing a series of HF-involved side-reactions, which leads to dissolution of TM [6] . Therefore, it is assumed that SiO 2 coating can effectively prevent NMC622 material surface degradation.
After 700 cycles, the EIS measurement was done, which was tested after discharging (the open circuit voltage was approximately 3.7 V) in a frequency range of 500 kHz-100 mHz. The Nyquist plots of both pristine and SiO 2 -coated NMC622 cells after 700 cycles are shown in Figure 7 , and the EIS at initial cycle is shown in Figure S2 as reference. The patterns of both samples are similar and consist of two semicircles. The semicircle at the high-to-medium frequency domain describes the resistance of the cathode surface film (R sf ) and the corresponding constant phase element (C sf ), while the semicircle at the low frequency range reflects the charge transfer resistance of electrochemical reactions (R ct ) and the corresponding constant phase element (C ct ). R s stands for the resistance of circuit elements (electrolyte, current collectors, electrode leads, etc.), and L for the inductance of the current collector and cable in the circuit. Warburg impedance (W) describes semi-infinite linear diffusion [17] . The equivalent circuit in Figure 7b was used to fit the EIS data, and the results are shown in Table 3 , where χ 2 is the deviation indicator. Because the SiO 2 coating layer is electrically isolating, a slightly higher R sf in the SiO 2 -coated NMC622 is seen. It is obvious that the second semicircle, charge transfer resistance, contributes the major part of the total impedance. Specifically, in pristine NMC622 material, the surface degradation due to the formation of thicker SEI leads to a higher resistance to ionic diffusion, which affects the insertion/extraction Li-ions. It could also explain the reduced discharge potential plateau in the above charge-discharge curve ( Figure 6) . Totally, the resistance of SiO 2 coated NMC622 did not increase, that confirms the conclusions drawn from the rate capability test ( Figure 5 ).
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Post-Mortem Analysis
After 700 cycles, both cells were disassembled in a glove box, and the electrodes were washed with EMC. The electrodes were observed visually at first, and no defect, delamination, or crack was found ( Figure S2) .
The electrodes were further investigated in SEM by applying different magnifications (Figure 8 ). The images of lower magnification do not show any difference: Particles stack compactly, and particle surface is adhered by nano-sized carbon black. At higher magnification, some intergranular cracks on the particle surface of the pristine NMC622 are found, but none on the SiO 2 -coated one. On the pristine NMC622 material, the formation of intergranular cracks among the primary particles in the secondary particles was resulted from the anisotropic volume change due to Li-ionic (de)intercalation during charging and discharging, while the volume change was restricted by the SiO 2 layer. Moreover, the generated cracks expose more internal surface of the pristine NMC622 particles to electrolyte, which accelerate the side-reactions and consume capacity [6, 18] . SiO 2 as HF scavenger can reduce side-reactions and retain the stable layered structure. Therefore, no obvious cracks could be found on the surface. This is further proof for the above explanation of the higher capacity retention of SiO 2 -coated NMC622.
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The electrodes were further investigated in SEM by applying different magnifications ( Figure  8 ). The images of lower magnification do not show any difference: Particles stack compactly, and particle surface is adhered by nano-sized carbon black. At higher magnification, some intergranular cracks on the particle surface of the pristine NMC622 are found, but none on the SiO2-coated one. On the pristine NMC622 material, the formation of intergranular cracks among the primary particles in the secondary particles was resulted from the anisotropic volume change due to Li-ionic (de)intercalation during charging and discharging, while the volume change was restricted by the SiO2 layer. Moreover, the generated cracks expose more internal surface of the pristine NMC622 particles to electrolyte, which accelerate the side-reactions and consume capacity [6, 18] . SiO2 as HF scavenger can reduce side-reactions and retain the stable layered structure. Therefore, no obvious cracks could be found on the surface. This is further proof for the above explanation of the higher capacity retention of SiO2-coated NMC622. The electrodes were placed in a special airtight argon-filled specimen holder and measured with XRD. In Figure 9 , compared to an uncycled pristine NMC622 electrode, slight deviation (till 0.3 • ) of the reflexes position is detected. On the one hand, the shifting to the left reveals the higher c parameter, because more lithium ions could insert into the SiO 2 -coated NMC622 material than the pristine one, and the lithium slab is thicker. On the other hand, the measured sample is uneven electrode, which could lead to deviation of result. An extra reflex at 65 • is from Al-current collector. The determination of full width of half maximum (FWHM) of main reflexes shown in Table S1 reveals that the SiO 2 -coated NMC622 electrode has sharper reflexes than the pristine one, which indicates a better crystallinity. The reason behind it could be homogenous crystal structure because of less-exposed surface. According to the Scherrer formula
where β is the width of Bragg line in radians (here is FWHM), K is a shape factor 0.9, λ is the wavelength of the X-ray, θ is the corresponding Bragg angle, reflexes with decreased width indicate larger mean crystallites [16] , the calculated mean crystallite size is shown in Table 4 .
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Sample
Uncycled Pristine NMC622
Cycled Pristine NMC622
Cycled SiO2-Coated NMC622 Crystallite size (Å) 470 ± 48 253 ± 72 452 ± 54
Conclusions
In this work, the wet coating method was applied on a commercialized NMC622 material for the first time, and a significant improvement of electrochemical performance was obtained. It was shown that the long-term cyclability of commercial NMC622 was significantly enhanced, even at relatively higher discharge rates (2 C), via a simple coating method. This can increase the cycle life of commercially available Li-Ion batteries without decreasing their rate performance. An amorphous SiO2 layer was formed on the NMC622 material surface successfully, which did not change the base material due to the coating process. The SiO2 coating layer can reduce the side reactions between material surface and the electrolyte, especially at the first 200 cycles, where most capacity fading occurs. The capacity retention of coated NMC622 is visibly improved even after up to 700 cycles. EIS measurement shows that the SiO2-coated material has less charge transfer resistance. XRD patterns reveal that after long-term cycling, NMC622 with an SiO2 coating layer still has very good crystallinity. Compared to previous work [9, 12, 13] the application of SiO2 coating on synthesized NMC622 did not show obvious improvement in the first 50 cycles, but the coating method is still 
In this work, the wet coating method was applied on a commercialized NMC622 material for the first time, and a significant improvement of electrochemical performance was obtained. It was shown that the long-term cyclability of commercial NMC622 was significantly enhanced, even at relatively higher discharge rates (2 C), via a simple coating method. This can increase the cycle life of commercially available Li-Ion batteries without decreasing their rate performance. An amorphous SiO 2 layer was formed on the NMC622 material surface successfully, which did not change the base material due to the coating process. The SiO 2 coating layer can reduce the side reactions between material surface and the electrolyte, especially at the first 200 cycles, where most capacity fading occurs. The capacity retention of coated NMC622 is visibly improved even after up to 700 cycles. EIS measurement shows that the SiO 2 -coated material has less charge transfer resistance. XRD patterns reveal that after long-term cycling, NMC622 with an SiO 2 coating layer still has very good crystallinity. Compared to previous work [9, 12, 13] the application of SiO 2 coating on synthesized NMC622 did not show obvious improvement in the first 50 cycles, but the coating method is still beneficial for long-term cycling. To summarize, SiO 2 coating is an effective and facile surface modification method, even for commercialized NMC622 material, for long-term cycle capability and therefore longer service life.
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